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Abst rac t  

The s t r u c t u r e  and evo lu t ion  of p r o t o s t e l l a r  d i s k s  ( " s t e l l i s k s " )  

are be ing  s tud ied .  These a r e  f l a t t e n e d  fragnents  of a co l l apsed  i n t e r -  

s t e l l a r  cloud.  The i r  angular  momentum p r o p e r t i e s  a r e  those appropr ia te  

t o  uniformly r o t a t i n g  spheres  of v a r i a b l e  d e n s i t y  d i s t r i b u t i o n .  Corre- 

sponding t o  each angular  momentum d i s t r i b u t i o n  the re  are two s e p a r a t e  

d e n s i t y  d i s t r i b u t i o n s  i n  which there  i s  c e n t r i f u g a l  equ i l ib r ium i n  the  

d i s k .  One d i s t r i b u t i o n  i s  very  f l a t ,  r o t a t e s  approximately uniformly,  

and probably deforms i n t o  a c lose  b inary  p a i r .  The o t h e r  i s  a x i a l l y  

condensed and i s  the probable precursor  of s i n g l e  s t a r s  and p l a n e t a r y  

systems.  I n  s t e l l i s k s  o f  t he  l a t t e r  kind wi th  lower d e n s i t i e s  near  the 

r i m ,  one o r  a few sepa ra t e  r i n g s  form near  the o u t e r  edge, Since 

s t e l l i s k s  a r e  formed as a r e s u l t  o f  a dynamical c o l l a p s e  p rocess ,  they 

have an i n i t i a l  s t a g e  of sho r t - l i ved  turbulence.  

momentum outwards and inc reases  the tendency f o r  formation of ou te r ,  

r i n g s .  The s t r u c t u r e  perpendicular  t o  the plane of the  d i s k  has a l s o  

This  t r a n s p o r t s  angLlar 
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been s tudied .  The d i s k  cools  and c o n t r a c t s  a t  cons tan t  c e n t r a l  p re s su re .  

For c e n t r a l  temperatures 4 l o 3  OK, the  d i s k  has  thermally-dr iven convect ion 

i n  the regions wi th  su r face  d e n s i t i e s  2 10 gm. /cm.  . The r e s u l t i n g  

tu rbu len t  v i s c o s i t y  causes mass inflow t o  form a c e n t r a l  s t a r  on the 

lower p a r t  of the  Hayashi t r ack .  Such a s t a r  w i l l  be i n  ihe T Taiirl 

phase and a s t r o n g  s t e l l a r  wind w i l l  blow away the  low d e n s i t y  gas i n  

the remainder of the d i s k .  I t  i s  probable t h a t  an a x i a l l y  condensed 

s t e l l i s k  wi th  low su r face  d e n s i t i e s  cannot form a s tar .  It i s  suggested 

t h a t  the unseen m a s s  i n  the s o l a r  neighborhood c o n s i s t s  l a r g e l y  of  

permanent s t e l l i s k s  which have neg l ig ib l e  su r face  temperature b u t  whose 

presence may be i n f e r r e d  from s t e l l a r  o c c u l t a t i o n s .  

5 2 

Some t i m e  ago I presented an a n a l y s i s  of the  condi t ions  i n  which an 

o rd ina ry  i n t e r s t e l l a r  cloud could become uns tab le  a g a i n s t  g r a v i c a t i o n a l  

c o l l a p s e  (Cameron 1962). For a cloud of  l o 3  %, an i n i t i a l  d e n s i t y  of 

- 10 pa r t i c l e s / cm.  i s  requi red ,  High i n i t i a l  d e n s i t i e s  of t h i s  kind 

may be produced i f  t he  ou te r  regions of  an H I  cloud a r e  ionized by an 0 

o r  B s ta r ,  thus c reac ing  the necessary high su r face  pressure  f o r  the 

compression t o  h igh  dens i ty .  The gas must be predominantly compressed 

a long  the  magnetic l i n e s  of force i n  o rde r  t h a t  the enhanced magnetic 

p r e s s u r e  should no t  h a l t  the compression. I n  the subsequent co l l apse  

t h e  magnetic f i e l d  should no t  play an important dynamical r o l e  (Cameron 

1962, Pneuman and Mi tche l l  1965). 

3 3 

It i s  t o  be expected t h a t  the r e s u l t i n g  cloud w i l l  be t i i rbulcnt  

and t h a t  the co l l apse  w i l l  be roughly isothermal .  

f l u c t u a t i o n s  should i n i t i a t e  fragmentation i n  the cloud. I n  a r ecen t  

The r e s u l t i n g  dens i ty  
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paper I concluded t h a t  the turbulen t  component of  the  i n t e r n a l  angular  

momentum of a fragment should be comparable t o  t h a t  a s soc ia t ed  wi th  an 

i n i t i a l  c o r o t a t i o n  o f  the  i n t e r s t e l l a r  cloud wi th  i t s  o r b i t a l  motion 

about the c e n t e r  of the gaiaxy (Cameron 1 9 6 8 ) .  

The s p h e r i c a l  co l l apse  of a p r o t o s t a r  would form an o b j e c t  on the  

Hayashi t r a c k  i n  the  H-R diagram. However, cons ide ra t ions  of the  conser-  

v a t i o n  of angular  momentum i n  the c o l l a p s i n g  fragment i n d i c a t e  t h a t  i t  

should form a r o t a t i n g  f l a t  d i s k  wi th  a r ad ius  of s e v e r a l  t ens  of  

as t ronomical  u n i t s ,  much l a r g e r  than a s tar  would possess  on the Hayashi 

t r a c k  (Cameron 1962, 1963). It  has been the  o b j e c t i v e  of  the  p re sen t  

work t o  d iscover  how such a d i s k  might d i s s i p a t e  t o  form a more compact 

s tar on the Hayashi t r ack .  

I n  o rde r  t o  re la te  the  problem t o  the i n t e r s t e l l a r  cloud cond i t ions ,  

t he  cloud fragments were assumed t o  be uni formly- ro ta t ing  spheres .  The 

equa to r s  of these  spheres  were assumed t o  have conserved t h e i r  l o c a l  

angular  momentum from the i n i t i a l  cloud c o r o t a t i o n  cond i t ion  wi th  i t s  

angular  v e l o c i t y  of radians/second. The d e n s i t y  was assumed t o  

v a r y  l i n e a r l y  wi th  r ad ius  from a c e n t r a l  va lue  t o  a su r face  value.  The 

s p e c i f i c  models used i n  the  present  c a l c u l a t i o n s  have two s o l a r  masses. 

I n  one sphere the  d e n s i t y  was uniform ("uniform sphere") and i n  the  

o t h e r  sphere the d e n s i t y  f e l l  l i n e a r l y  from the  c e n t r a l  va lue  t o  ze ro  

a t  the su r face  ( " l inea r  sphere").  

Each sphere w a s  divided i n t o  50 c y l i n d r i c a l  zones concent r ic  about 

the ax i s  of r o t a t i o n ,  and the mass and angular  momentum of  each zone 
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w a s  ca l cu la t ed .  The m a s s  was then considered t o  have co l lapsed  i n t o  a 

t h i n  f l a t  d i s k ,  and i t  was required t h a t  the mass i n  the  d i s k  be every- 

where i n  c e n t r i f u g a l  equi l ibr ium wi th  r e spec t  t o  the  g r a v i t a t i o n a l  forces  

a t  t h a t  p o i n t  i n  the  d i s k .  Radial  p ressure  g r a d i e n t s  were n e g l e c ~ e d  

s i n c e  I w a s  i n t e r e s t e d  i n  the case i n  which thermal ene rg ie s  i n  the  gas 

would be much less than  the  bulk r o t a t i o n a l  k i n e t i c  ene rg ie s .  

G r a v i t a t i o n a l  p o t e n t i a  s were ca l cu la t ed  by the technique of a 

supe rpos i t i on  of  concen t r i c  sphero ida l  s h e l l s  of vary ing  d e n s i t y  i n  the  

l i m i t  of ze ro  e c c e n t r i c i t y  (Burbidge, Burbidge, and Prendergast  1960 2 ,  a; 
Brandt 1960; Brandt and Bel ton 1962; Mestel  1963). With some t r i a l  mass 

d i s t r i b u t i o n  i n  the d i s k ,  the surface d e n s i t y  i n  each zone w a s  va r i ed  

and the  changes i n  angular  momentum pe r  u n i t  m a s s  requi red  f o r  c i r c u l a r  

motion f o r  a l l  the  o t h e r  zones were determined. A ma t r ix  w a s  then 

i n v e r t e d  t o  determine what per turba t ions  t o  in t roduce  i n t o  the su r face  

d e n s i t i e s  of a l l  the  zones so t h a t  the  angular  momentum requi red  f o r  

c i r c u l a r  motion i n  the  model would approach the assigned va lues .  The 

problem is h igh ly  non- l i n e a r  and convergence t o  the c e n t r i f u g a l  equ i l ib r ium 

cond i t ion  i s  very  slow. It would be h e l p f u l  t o  develop improved mathe- 

m a t i c a l  techniques which would lead t o  f a s t e r  convergence. 

Af t e r  the above technique had been developed, i t  w a s  discovered 

tha t  each of  the two o r i g i n a l  spheres had two d i f f e r e n t  su r f ace  d e n s i t y  

d i s t r i b u t i o n s  f o r  which i t  w a s  i n  c e n t r i f u g a l  equi l ibr ium.  The four  

s o l u t i o n s  a r e  shown i n  Figure 1. The f l a t  s o l u t i o n  f o r  the uniform 

sphe re  is known c l a s s i c a l l y  (McMillan 1958);  i t  i s  i n  uniform r o t a t i o n .  
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I n  a d d i t i o n  there  i s  an axially-condensed so lu t ion .  Mestel  (1963) has 

d iscussed  such axially-condensed s o l u t i o n s  which he shows can be produced 

by s l i g h t  pe r tu rba t ions  i n  the mass d i s t r i b u t i o n  of  a uniform sphere,  

However, i t  has  been showm by the p re sen t  n m e r i c a l  techniques t h a t  the  

same m a s s  and angular  momentum d i s t r i b u t i o n  i s  c o n s i s t e n t  wi th  each 

s o l u t i o n ,  I n  the  axially-condensed s o l u t i o n  the  angular  v e l o c i t y  varies 

roughly i n v e r s e l y  as the  r a d i a l  d i s t a n c e ,  so t h a t  t he re  i s  a l a r g e  

amount of  shear  i n  the s o l u t i o n .  

The f l a t t e n e d  l i n e a r  sphere e x h i b i t s  a s imi l a r  behavior ,  as shown 

i n  F igure  I. There i s  a n e a r l y - f l a t  s o l u t i o n ,  which i s  n e a r l y  i n  uniform 

r o t a t i o n ,  and which has  a very  sharp edge. The axial ly-condensed 

s o l u t i o n  i s  more s t r i k i n g l y  so. The i r r e g u l a r i t y  of  t h i s  s o l u t i o n  near  

t he  a x i s  i s  an a r t i f a c t  of the f i n i t e  zoning and has  no phys ica l  

s i g n i f i c a n c e .  This  s o l u t i o n  a l so  has  a condensed r i n g  near  the  o u t e r  

edge,  which w i l l  be d iscussed  i n  more d e t a i l  below. 

I be l i eve  t h a t  the ex i s t ence  of these  two s o l u t i o n s  has  g r e a t  

cosmogonic s ign i f i cance  e Hunter (1963) has examined the s t a b i l i t y  of 

t h e  classical uni formly- ro ta t ing  f l a t  d i sk .  He has found i t  t o  be 

uns t ab le  aga ins t  both r a d i a l  and non-rad ia l  pe r tu rba t ions .  (Professor  

Gold has  informed me t h a t  he and Bondi have found a very  l imi t ed  range 

of  parameters i n  which t h i s  appears no t  t o  be t r u e . )  K.H. Prendergast  

( p r i v a t e  communication) has  shown numericai iy  t h a t  a f i a t  g a l a c t i c  d i s k  

w i t h  superposed random v e l o c i t i e s  of the ind iv idua l  mass po in t s  deforms 

i n t o  a c o r o t a t i n g  bar .  It appears l i k e l y  t h a t  the c o r o t a t i n g  d i s k  

w i l l  deform i n  a s i m i l a r  manner and w i l l  subsequent ly  form a c l o s e  
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p a i r  of b ina ry  s ta rs .  No f u r t h e r  c a l c u l a t i o n s  have been c a r r i e d  out  

w i t h  these f l a t  so lu t ions .  Whether a co l l aps ing  i n t e r s t e l l a r  c loud 

fragment forms a f l a t  d i s k  o r  an axially-condensed d i s k  must depend 

upon s u b t l e  f e a t u r e s  of the dynamics of the co i i apse .  

I r e f e r  t o  the  axially-condensed p r o t o s t e l l a r  d i s k s  as " s t e l l i s k s " .  

I assume t h a t  they a r e  s t a b l e  aga ins t  p e r t u r b a t i o n s ,  b u t  no a n a l y s i s  

o f  t h i s  p o i n t  has  been made, and one i s  badly needed. 

When a s t e l l i s k  i s  formed as a r e s u l t  of the dynamical c o l l a p s e  

process ,  the  gas w i l l  overshoot the p o s i t i o n  of c e n t r i f u g a l  equ i l ib r ium,  

thus  inducing a s t a t e  of i n i t i a l  turbulence i n  the d i sk .  The energy 

i n p u t  i n t o  the  turbulence a r i s e s  from the re leased  g r a v i t a t i o n a l  po- 

t e n t i a l  energy. Since the re  i s  no cont inuing  source of energy inpu t  

i n t o  the  turbulence ,  i t  i s  shor t - l i ved .  The l a r g e s t  eddy motions are 

broken i n t o  smaller motions a f t e r  the  gas has moved through a mixing 

l eng th ,  which takes  a small  f r a c t i o n  of an o r b i t a l  per iod .  

I have es t imated  the angular momentum t r a n s f e r  between ad jacent  

zones due t o  tu rbu len t  v i s c o s i t y ,  us ing  d a t a  appropr ia te  t o  the  

s t e l l i s k  models of F igure  1. I t  turned out  t h a t  the angular  momentum 

t r a n s f e r  would be s u f f i c i e n t  t o  make ad jacent  zones c o r o t a t e  i f  they 

d i d  not  change t h e i r  r a d i a l  pos i t i ons .  I n  f a c t ,  the  angular  momentum 

t r a n s f e r  would spread the  zones a p a r t  and inc rease  the shea r  between 

them. The s i t u a t i o n  w a s  t r ea t ed  very  c rude ly  by tak ing  the  inne r  f i v e  

zones f o r  a s t e l l i s k  model and r e d i s t r i b u t i n g  the  angular  momentum so  

t h a t  they would co ro ta t e  a t  t h e i r  given pos i t i ons .  This  procedure was 
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then  appl ied  t o  zones 2 t o  6 ,  3 to  7 ,  and so on i n  the  model u n t i l  the  

o u t e r  edge w a s  reached, The models were then  aga in  relaxed t o  c e n t r i f u g a l  

equi l ibr ium.  

The j u s t i f i c a t i o n  f o r  t h i s  procedure l i e s  i n  the f a c t  t h a t  t he  

c e n t e r  of  a cloud fragment w i l l  co l l apse  f a s t e r  than the  su r face  l a y e r s ,  

s o  t h a t  the tu rbu len t  r e d i s t r i b u t i o n  of angular  momentum w i l l  be 

completed nea r  the cen te r  before  the o u t e r  p a r t s  have f in i shed  co l l aps ing .  

The model of the uniform sphere s t e l l i s k  a f t e r  d i s s i p a t i o n  of 

i n i t i a l  turbulence i s  shown i n  Figure 2 ;  i t  i s  compared i n  the  f i g u r e  

w i t h  the  i n i t i a l  model of Figure 1. It may be seen t h a t  a s l i g h t  f u r t h e r  

n e t  c e n t r a l  condensation of  m a s s  has  occurred,  except  near  t he  o u t e r  

edge. A prominent ou te r  condensed r i n g  has  formed, and a s l i g h t  second 

r i n g - l i k e  p e r t u r b a t i o n  is  a l s o  present .  

A s i m f l a r  behavior  f o r  the linear sphere i s  shown i n  F igure  3 .  

I n  t h i s  case two prominent condensed o u t e r  r i ngs  a re  present .  

It  may be deduced from these f i g u r e s  t h a t  Condensed r i n g s  w i l l  

have an i n c r e a s i n g  tendency t o  form as the  r e l a t i v e  m a s s  f r a c t i o n  i n  

the  o u t e r  l a y e r s  i s  reduced and as the g rad ien t  of  the  angular  momentum 

p e r  u n i t  m a s s  i n  the ou te r  l aye r s  i s  increased .  The r e a l i t y  of  t he  

r i n g s  w a s  t e s t e d  by compressing and smoothing the  o u t e r  zones of the 

l i n e a r  sphere s t e l l i s k  and r e l ax ing  again t o  c e n t r i f u g a l  equi l ibr ium.  

Again the  two condensed r ings  appeared, bu t  the o u t e r  one centered  on 

a d i f f e r e n t  zone. Thus the r e a l i t y  of the r i n g  s t r u c t u r e  was demon- 

\ 

s t r a t e d ,  b u t  the uniqueness of t he  s t r u c t u r e  remains an open ques t ion .  
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Calcu la t ions  wi th  a f i n e r  zoningmesh a r e  needed f o r  a f u r t h e r  i n v e s t i -  

g a t i o n  of t h i s  ques t ion .  

It seems l i k e l y  t o  me t h a t  these r i n g s  w i l l  be uns t ab le  aga ins t  

non-rad ia l  p e r t u r b a t i o n s ,  and t h a t  they w i l i  deform t o  r'orm sepa ra t e  

d i s k - l i k e  condensations o r b i t i n g  about the c e n t r a l  d i s k ,  Such sub- 

d i s k s  seem l i k e l y  p recu r so r s  of the g i a n t  p l a n e t s  of the  s o l a r  system. 

The co l l apse  of t he  i n t e r s t e l l a r  cloud fragment w i l l ,  i n  the  l a t e  

s t a g e s ,  lead t o  a d i a b a t i c  hea t ing  of  the  i n n e r  p a r t s  of the s t e l l i s k  

t o  lo4 OK o r  h ighe r .  

C U U L L L I ~ ; .  

of tu rbu len t  v i s c o s i t y  t o  t ranspor t  angular  momentum outwards. The 

only  apparent  energy inpu t  source f o r  such turbulence would be thermally-  

d r i v e n  convection, This  would requi re  supe rad iaba t i c  temperature 

g r a d i e n t s  t o  e x i s t  perpendicular  t o  the plane of the  d i sk .  Hence the  

s t r u c t u r e  of the  d i s k  perpendicular  t o  the  plane was inves t iga t ed  wi th  

the  s impl i fy ing  assumption t h a t  any column of  che d i s k  could be 

considered p a r t  of an i n f i n i t e  plane of ma t t e r  having the same l o c a l  

cond i t ions  

There w i l l  be an i n i t i a l  per iod  of rap id  r a d i a t i v e  

. s o  Fur the r  d i s s i p a t i o n  of the  d i s k  w i l l  depend on the  ope ra t ion  

The s t r u c t u r e  of an isothermal  column of t h i s  kind i s  w e l l  known 

(see f o r  example Mestel  1963). The c e n t r a l  p ressure  of such a column 

i s  p ropor t iona l  t o  the  square of the  su r face  d e n s i t y  and i s  independent 

o f  the temperature.  The he ight  of  such a column i s  p ropor t iona l  t o  the  

temperature and i n v e r s e l y  propor t iona l  t o  the su r face  dens i ty .  A more 

r e a l i s t i c  column w i l l  no t  be isothermal  owing t o  the presence of 
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i n t e r n a l  opac i ty ,  b u t  the above r e l a t i o n s  a re  always a t  least  approximately 

t r u e  ., 

0 A t  temperatures i n  the  general  v i c i n i t y  of  3000 K the opac i ty  of  

s t e l l a r  m a t e r i a l  i s  very  low and no convect ion should be present .  

i s  worth not ing  i n  pass ing  t h a t  a t  3000 OK about lom3 of the m a s s  w i l l  

be i n  the form of OH under condi t ions of s t a t i s t i c a l  equi l ibr ium.  Because 

of the low opac i ty  the re  i s  no assurance of good i n t e r a c t i o n  between 

r a d i a t i o n  and ma t t e r ,  and i t  i s  an i n t e r e s t i n g  hypothes is  t h a t  popula t ion  

inve r s ions  i n  the OH molecule may be poss ib l e ,  P.M. Solomon and I a r e  

c u r r e n t l y  cons ider ing  the ques t ion  of whether rrnis may Le rr s i i 2 . t ~ b k  

model f o r  the maser-amplified OH emission from the  compact g a l a c t i c  OH 

sources  

It  

n nnr\O.. Beiow LUUU A the s-,acfty 5ecnmeq l a r g e r  due t o  the  presence of 

condensed s o l i d s  and H 0,  NH and CH molecules.  The s o l i d s  are mainly 

p a r t i c l e s  of m e t a l l i c  i r o n  and magnesium s i l i c a t e .  E lec t ron  microprobe 

measurements of the  s t r u c t u r e  of very  p r imi t ive  me teo r i t e s  i n d i c a t e  

m e t a l  and s i l i c a t e  p a r t i c l e  s i z e s  i n  the submicron range (E. Anders, 

p r i v a t e  communication). These s i z e s  a re  small compared t o  thermal 

wavelengths and allow Rosseland mean o p a c i t i e s  t o  be ca cu la t ed  wi th  

n e g l i g i b l e  dependence on p a r t i c l e  s i z e .  With o p a c i t i e s  based on the 

particles a l o n e ,  I have found t h a t  the su r face  d e n s i t y  threshold  f o r  

v e r t i c a l  convect ion l i e s  between 10 and 10 gm./cm. 

2 3’  4 

5 6 2 

I am c u r r e n t l y  p u t t i n g  i n  the  a d d i t i o n a l  e f f e c t s  of molecular  

o p a c i t i e s  Such opac i ty  con t r ibu t ions  depend on both p re s su re  and 
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temperature.  My rough guess i s  t h a t  the  threshold  f o r  ver t ica l  convec- 

t i o n  w i l l  be lowered t o  between 10 and 10 p , / c m .  4 5 2 

It may be seen  i n  F igures  2 and 3 t h a t  su r f ace  d e n s i t i e s  i n  the 

4.5 2 s t e l l i s k s  l i e  above 10 gm./cm. ou t  t o  d i s t a n c e s  of  s e v e r a l  

14 astronomical  u n i t s  (approaching 10 cm,). Hence these  inne r  p a r t s  of 

the  s t e l l i s k s  w i l l  be sub jec t  t o  d i s s i p a t i o n  v i a  tu rbu len t  v i s c o s i t y  

once the  d i s k s  have cooled t o  - lo3 OK. This w i l l  lead t o  an inward 

flow of mass and an outward flow of angular  momentum. Hence a good 

f r a c t i o n  (4 1 M i n  the p re sen t  models) of mass w i l l  flow i n  to  form a 

s ta r  on the Bayashi t r ack ,  

0 

This  m a s s  flow w i l l  c a r r y  with i c  a l l  f i n e l y  d iv ided  s o l i d  material .  

In  f a c t ,  a l l  m a t e r i a l  of l e s s  than p l ane ta ry  s i z e  w i l l  be c a r r i e d  

inward i n t o  the s t s r .  

condensed s o l i d s  t h a t  would be p re sen t ,  Hence the r ap id  d i s s i p a t i o n  

o f  the d i s k  l i m i t s  the growth of the inne r  p l ane t s .  

-2  
The inner  p l ane t s  r ep resen t  only - 10 of the 

A f t e r  the c e n t r a l  s t a r  has formed, i t  w i l l  be i n  the  T Tauri  phase,  

e m i t t i n g  an extremely s t rong  s t e l l a r  wind, presumably due t o  a h o t  

corona exc i t ed  by the tu rbu len t  motions i n  the  fu l ly-convec t ive  Hayashi 

phase.  This  w i l l  sweep away the p r i m i t i v e  atmospheres which were 

captured  by the  inne r  p l ane t s  from the s t e l l i s k  gases ,  and a l s o  i t  

w i l l  sweep away the th inne r  gases remaining i n  the o u t e r  nonconvective 

p a r t  of the  s t e l l i s k ,  During the e a r l y  p a r t  of t h i s  T Taur i  phase a 

g r e a t  d e a l  of d u s t  w i l l  remain i n  the  environment, which w i l l  thermalize 

much of t he  r a d i a t i o n  of the  c e n t r a l  s t a r ,  producing a secondary peak 



of i n f r a r e d  r a d i a t i o n  i n  the  spectrum of  the  s t a r .  

The genera l  f e a t u r e s  of t he  a r c h i t e c t u r e  of the s o l a r  system appear 

t o  emerge from the  above ana lys i s .  De ta i l ed  agreement i s  no t  t o  be 

expected owing t o  the a r b i t r a r y  i n i t i a l  d e n s i t y  d i s t r i b u t i o n s  assumed. 

It w a s  i nd ica t ed  a t  the  beginning t h a t  t he re  should be a cons ider -  

ab le  spread i n  the t o t a l  angular  momentum per  u n i t  mass of t hese  s te l l i sks .  

For a given m a s s ,  the  sur face  dens i ty  v a r i e s  i n v e r s e l y  as the f o u r t h  

power of  the t o t a l  angular  momentum. Thus we should expect  t h a t  i f  the 

angular  momentum i s  increased  by only a f a c t o r  4 o r  5,  the  su r face  d e n s i t y  

w i l l  become too s m a l l  f o r  thermally-dr iven convection t o  e x i s t .  Such 

s t e l l i s k s  probably cannot form stars except  v i a  the  impossibly long 

process  of d i s s i p a t i o n  by molecular v i s c o s i t y .  They aye probably perma- 

nent .  I wish t o  suggest  t h a t  a good por t ion  of  the  unseen one- th i rd  

of the mass d e n s i t y  i n  the s o l a r  neighborhood may c o n s i s t  of such 

s te l l i sks  

It should a l s o  be noted t h a t  t he  f i r s t  gene ra t ion  of  stars t o  form 

i n  our  galaxy presumably contained a n e g l i g i b l e  conten t  o f  elements 

h e a v i e r  than helium. Hence they would always have low opac i ty ,  and 

they  could n o t  form stars unless  they were massive and compact. This  

may i n d i c a t e  t h a t  t he re  i s  a l o t  of mass s p h e r i c a l l y  d i s t r i b u t e d  i n  the  

ga laxy  i n  the form of permanent s te l l i sks ,  

F l e i s c h e r  and Conti  (1955) examined Palomar Sky Survey p r i n t s  and 

concluded t h a t  t he re  i s  a l a rge  number of small dark  gaps i n  the  s t a r  

d i s t r i b u t i o n  in crowded reg ions  of t he  Milky Way. They a t t r i b u t e  these  
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t o  dark  "globules." If these  have the average p r o p e r t i e s  of Bok's 

g lobules ,  then they have a space dens i ty  of 0.03 pe r  cubic  parsec ,  which 

i s  t o  be compared wi th  a s tar  dens i ty  of  0.1 s ta rs  p e r  cubic  parsec .  

Although t h e i r  conclusions were highly t e n t a t i v e ,  I regard them as 

permissive wi th  r e s p e c t  t o  the above hypothes is .  It i s  clear t h a t  

f u r t h e r  s t u d i e s  of t h i s  s o r t  are g r e a t l y  needed. 

I wish t o  thank J . M .  Greenberg, K.H. Prendergas t ,  P.M. Solomon, 

P. Thaddeus, E.  Anders, and J . A .  Wood f o r  h e l p f u l  d i scuss ions  on some 

aspec t s  of t h i s  work. 
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Figure Captions 

F igure  1. Surface  d e n s i t y  d i s t r i b u t i o n s  f o r  c e n t r i f u g a l  equi l ibr ium of 

d i s k s  formed from co l l apse  o f  uniform and l i n e a r  spheres .  

F igure  2. Changes i n  su r face  dens i ty  d i s t r i b u t i o n s  i n  the  uniform 

sphere s t e l l i s k  a f t e r  d i s s i p a t i o n  of  i n i t i a l  turbulence.  

F igure  3 .  Changes i n  su r face  dens i ty  d i s t r i b u t i o n s  i n  the l i n e a r  sphere 

s t e l l i s k  a f t e r  d i s s i p a t i o n  o f  i n i t i a l  turbulence 
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